Abstract-With the standardization of IEEE 802.11, there has been an explosive growth of wireless local area networks (WLAN). Recently, this cost effective technology is being developed aggressively for establishing metro-scale "cellular Wi-Fi" network to support seamless Internet access in the urban area. We envision a large scale WLAN system in the future where Access Points (APs) will be scattered over an entire city enabling people to use their mobile devices ubiquitously. The problem addressed in this paper involves finding the minimum number of gateways and their optimal placement so as to minimize the network installation costs while maintaining reliability, flexibility and an acceptable grade of service. The problem is modeled taking a network graph, where the nodes represents either the Access Points of IEEE 802.11 or wired backbone gateways. In this paper, we present two methods (1) an innovative approach using integer linear programming (ILP) for gateway selection in the cellular Wi-Fi network, and (2) a completely new heuristic (OPEN/CLOSE) to solve the gateway selection problem. In the ILP model, we developed a set of linear inequalities based on various constraints. The ILP model is solved by using lp-solve, a simplex-based software for linear and integer programming problems. The second approach is an OPEN/CLOSE heuristic, tailored for cellular Wi-Fi, which arrives at a sub-optimal solution. Java programming language is used for simulation in OPEN/CLOSE heuristic. Extensive simulations are carried out for performance evaluation. Simulation results show that the proposed approaches can effectively identify a set of gateways at optimal locations in a cellular Wi-Fi network, resulting in an overall cost reduction of up to 50%. The technique presented in this paper is generalized and can be used for gateway selection for other networks as well.
I. INTRODUCTION
With the increasing demands of mobile users for ubiquitous Internet access to data, information, and services, there is an urgent need to provide high-speed, low cost wireless networking services in large (e.g., metropolitan)
areas. In particular, with the standardization of IEEE 802.11 [1] , wireless local area networks (WLANs) [2] are experiencing tremendous growth, with one of the fastest adaptation rates seen in the history of technology. IEEE 802.11 standard defines the Physical (PHY) layer and the Medium Access Control (MAC) sub-layer. The WLAN operates on the license free frequency bands and provide users with high data rate services in localized traffic density areas.
IEEE 802.11 has become so popular that many mobile devices (such as laptop computers, PDA and mobile phones) have built in 802.11x capabilities. The world has seen mushrooming of "Hot Spots" but they provide highspeed wireless access at few isolated spots (e.g., airports lounge, malls, coffee shops, and hotels). We foresee a future in which people will have ubiquitous Internet through Access Points (APs) scattered over an entire city enabling people to use any mobile devices equipped with IEEE 802.11 network interface card, very much similar to today's cellular telephony system. But note that, while individual WLAN units can be deployed to provide the required coverage, every WLAN AP needs to be wired to the backbone network separately, thus dramatically increasing the system cost, especially in those areas where the high-speed backbone is not available. The cellular WiFi technology 1 [3] , [4] takes a different approach, in order to reduce its reliance on the wired backbone. More specifically, only a minimum number of APs called gateways in cellular Wi-Fi are connected to the wired backbone, while other APs connect to the gateways through single or multihop wireless links. Both communication between two APs and communication between an AP and a mobile host (MH) are based on IEEE 802.11 technology. The gateway provides interworking services between the backbone and the wireless network without making modifications to the existing network architecture. The gateway must take into account the differences between the networks such as addressing scheme, packet formats, routing techniques, network access mechanism, error control, etc [5] , [6] . The benefits of cellular Wi-Fi mesh networks compared to multiple WLAN APs in infrastructure mode are: i) ease of deployment and expansion; ii) better coverage; iii) resilience to node failure; and iv) reduced cost of maintenance.
The cellular Wi-Fi system is essentially a meshed wireless infrastructure network, which distinguishes itself from the existing cellular systems [7] and ad hoc networks [8] . A Wireless Mesh Network (WMN) is usually composed of wireless mesh nodes (routers) and mesh clients [9] . Wireless mesh nodes form the network backbone and provide access for mesh clients. In the cellular system each base station is connected to the base station controller through a dedicated link. There is no direct wireless connection between any base stations. In cellular Wi-Fi, the APs are interconnected by using IEEE 802.11 technologies. An AP connects to the gateway through single or multiple hops instead of a dedicated link, resulting in low-cost, flexible network configuration. The ad hoc network does not require any infrastructure. In an ad hoc network the nodes are both hosts and routers. While it is a perfect solution for temporary mobile networking, the ad hoc network suffers problems such as unreliability, low bandwidth and poor scalability, which makes it unsuitable for serving as the communication trunk. The cellular Wi-Fi network, however, serves as the static infrastructure, providing Internet access service to mobile users.
Theoretically, only one gateway is needed in a cellular Wi-Fi network because the APs are interconnected via wireless links and the MHs can access the Internet through multiple hops. In order to support the needed capacity and/or quality of service (QoS) and avoid the problem of single point of failure, however, a number of gateways are usually deployed to provide the required bandwidth and/or redundancy. For example, Fig. 1 illustrates a topology of cellular Wi-Fi, where a number of APs are deployed. Any AP with a connection to the backbone network (e.g., via DSL, cable modem, T1, T3 or OC1 line) is a candidate for gateway. Fig. 2 is a network graph derived from Fig. 1 . stars depict the gateway candidates where as circles represent APs. Clearly, the more nodes serve as gateways, the higher the system cost. We propose two approaches in this research to minimize the overall cost of system deployment while meeting the bandwidth requirement. The first approach is based on integer linear programming (ILP), where we develop a set of linear inequalities according to various constraints and find the solution of the ILP model by using lp-solve. The second approach is an OPEN/CLOSE heuristic, tailored for cellular Wi-Fi, which arrives at a sub-optimal solution. Extensive simulations are carried out for performance evaluation. Fig. 3 represents a system model after the gateway optimization (to be discussed in Section III). Out of seven nodes having the potential to become a gateway (Fig. 2) , node numbers 30, 31 and 32 are selected as gateways. All remaining nodes including potential gateways, which are not selected, serve as regular APs. Our simulation results show that our proposed approaches can effectively identify a minimum number of gateways at optimal locations in a cellular WiFi network, resulting in an overall cost reduction of up to 50%. The technique presented in this paper is generalized and can be used for gateway selection for other networks as well.
The remainder of the paper is organized as follows: Section II discusses back ground and related work of the problem. Section III describes the problem statement, computational model and optimization function. Section IV, discusses the simulation results. Finally, Section V concludes the paper.
II. BACKGROUND AND RELATED WORK
The gateway selection problem in cellular Wi-Fi is related to several research areas including clustering, network partitioning and facility location. In most of the clustering techniques used in multihop wireless network, the cluster structure is controlled by hop distance. The distance between a cluster head and the members of the cluster are within a predefined maximum number of hops. In addition, control messages are exchanged for load balancing [10] - [13] . The existing clustering schemes cannot be applied to the gateway selection problem directly because different gateways have different bandwidth capacity, therefore, each gateway can serve different number of APs (i.e., a gateway with higher capacity will be able to serve more APs where as a gateway with a smaller capacity will be able to serve a smaller number of APs).
The graph partitioning problem is NP-Complete even when k=2 (where k denotes the number of partitions in the graph) and costs are equal to one [14] . Several graph partitioning software's such as Metis [15] (a family of programs for partitioning unstructured graphs and hyper graphs) are freely available. They make a best effort to partition the graph in k-parts, where each part has an equal number of nodes. Similar to the clustering approaches, graph partitioning cannot be directly applied to this research because they do not take gateway capacity into consideration. Moreover, they may lead to bad clusters. We consider a cluster to be good if all the nodes in it can reach every other node in the same cluster without hopping through member(s) of a different cluster (Fig. 3) . If a node uses a node(s) of a different cluster to reach nodes of its own cluster then it is a bad cluster ( One may also correlate the gateway selection to capacitated facility location. The Facility location problem considers a number of warehouses to be built. Each warehouse (gateways) serves a number of retail stores (APs). There is some cost associated with building each warehouse at its potential site. Moreover each warehouse has an upper bound on its capacity. There is also a cost (e.g., number of hops) associated with transporting goods from a warehouse to a retail store. The problem is to find the optimal approach for opening the warehouses so that the overall system cost is minimum (i.e to minimize the sum of construction cost and average transportation cost from the warehouse to retail stores). Each retail store demand must be completely fulfilled by one warehouse. This is a NP-hard, capacitated facility location problem. Many theoretical works has been done [16] - [19] in capacitated and uncapacitated facility location. Mahdian and Pal [20] present a (7.88 + ) approximation algorithm for the universal facility location problem. The algorithm chooses local improvement steps by solving a knapsack-like sub problem using dynamic programming. Korupolu et al. [21] discusses constant factor approximation bounds for metric versions of uncapacitated k-median problem and the uncapacitated facility location problem. In this paper, we develop a new algorithm tailored for cellular Wi-Fi, which is similar to but different from the "capacitated location problem". Some interesting research papers have been published on placing servers and web proxies at strategic locations for better performance and efficient resource utilization in the Internet [22] - [24] . In these papers the authors examine placement of Web proxies or server replicas to optimize clients' performance. The previous work on server placement cannot be applied to our context because they optimize locality in the absence of link capacity constraints. The above mentioned works may be fine for the Internet, but is not sufficient for wireless networks since wireless links are major bottlenecks.
In addition, a number of gateway selection algorithms have been discussed in the literature for various networks. Kitti, Tuchinda [25] proposed an algorithm to select the location of gateways interconnecting a mobile data network with a fixed data network based on minimizing Candidate gateway 'i' using backbone interface 'k' αij Node 'j' is associated with gateway 'i'
Total wireless traffic of node 'i' average packet delays. Liang and Yee [26] proposed how to determine the number of gateways and their location so as to minimize the packet delay. In yet another paper [27] they presented an algorithm to solve the problem in two phases. The first phase consisted of greedy heuristic algorithm. The second phase is based on Lagrangian relaxation with sub gradient method. Y. Bejerano [28] used a Time Division Multiple Access (TDMA) scheme to provide Internet access to users. However, synchronization is difficult to achieve when using TDMA. Moreover, the proposed slotted approach might not utilize all the available bandwidth due to unused slots. In contrast to most of the previous work with emphasis to reduce average packet delay or give time-slots to each user, this paper focuses on cost, fault tolerance, capacity and load balancing.
III. PROPOSED GATEWAY SELECTION APPROACH
In this section, we introduce the proposed gateway selection approach. We first discuss the system model and problem statement. Then we present the ILP model and the OPEN/CLOSE heuristic algorithm.
A. System Model and Problem Statement
The goal of this research is to select the optimal number and placement of gateways out of multiple gateway choices. Each selected gateway transports the traffic of a number of APs to the wired backbone. This is a network design and optimization problem, which must be solved before the network is established. An efficient gateway selection algorithm should have the following desired features:
1) Topology independency: The algorithm should be independent of network structure, with the ability of working efficiently for any given network topology. 2) Transparency: The algorithm should not impact the client and should be totally transparent to users. A cellular Wi-Fi system can be modelled as a nondirected network graph G = (V, E), where V = {1, 2, 3, 4, . . . , N } is the set of nodes, N is the total number of nodes, and E is the set of edges between the nodes. Each node in the graph represents either an AP or a gateway. Two nodes are connected by an edge if and only if they are within transmission range of each other. We assume that n (n ≤ N ) nodes can be connected to the wired network, serving as the gateway candidates. A gateway candidate may have multiple (e.g., maximum K) network interfaces to access the wired backbone. A variable F k i is introduced to show the availability of interface
denotes the normalized cost of choosing node i as the gateway that connects to the backbone via interface k. C k i is assumed to be a non-decreasing function of capacity (i.e., a gateway with higher capacity is associated with a higher cost). Note that, in addition to M k i (the capacity to access the backbone), there is also a maximum capacity of the wireless interface, denoted by R max indicating the maximum wireless traffic that can be carried by a node. In addition, we let h ij denote the hop count between node i node j.
An AP i may carry two types of traffic, 1) Cellular traffic (T i ): The wireless traffic generated by users who are within transmission range of the AP i i.e traffic of its own cell. 2) Transient traffic (R i ): All wireless traffic including traffic from other APs which is relayed through AP i toward the gateway. Transient traffic is due to our topology being multihop wireless mesh network. Table I summarizes the above parameters used for modeling the gateway selection problem in cellular WiFi networks. The goal of the optimization procedure is to select a set of proper candidate nodes to serve as gateways in order to minimize the overall network cost. The optimization should not only balance the total network traffic among the selected gateways but also make sure that each AP does not carry more than its stipulated cellular and transient traffic.
B. ILP model
The proposed ILP model is illustrated below. We first introduce a set of 0/1 variables {β
A selected gateway might have multiple backbone interfaces but only one of the interface is chosen to connect the gateway to the wired backbone. β k i = 1 if node i is selected as the gateway and connected to the backbone via interface k. Thus we have
Let α ij denote the association of node j with node i, where node i has been selected as the gateway and node j is an AP. α ij = 1 indicates that node j is associated with node i that is a gateway; otherwise α ij = 0.
We introduce inequality (3) to ensure that the total wireless traffic of all APs associated with a gateway does not exceed the capacity of the gateway. The multiplication factor β k i on right-hand side of the inequality ensures that node i has been selected as a gateway.
Equation (4) ensures that a node cannot be an AP and a gateway simultaneously and that an AP can be associated with one and only one gateway. More specifically, if a node j is not selected as a gateway (i.e.,
, node j will be associated with one gateway only. Otherwise, if a node j is selected as a gateway (i.e.,
, node j will not be associated with other gateways.
The wireless link capacity between APs may become the bottleneck for data transmission, especially at the APs closest to the gateway, which have to carry more transient traffic of the distant APs associated with the same gateway. Let φ i j denote a collection of nodes around node j which have their shortest path to gateway candidate i through node j. It is necessary to make certain that the transient traffic does not exceed the maximum wireless capacity (R max ). Hence, we introduce the following constraint:
where
On the right hand side of Equation (6), the first term is cellular traffic of itself (T j ).
ensures that the traffic of neighboring gateway is not taken into account because each gateway is a sink without outgoing traffic through its wireless interface.
The term R m × α im in Equation (6) is non linear. We linearize it as follows. In general, if there is a nonlinearity of the form of a = b * c where a ≥ 0; b ∈ {0, . . . , Q}; c ∈ {0, 1};
The non linearity can be linearized by replacing Figure 5 . Summary of proposed ILP Model.
The cost is defined by considering both the establishment cost of the gateways (i.e., C k i ) and the distance between the gateway and its associated APs as performance in multihop wireless network is known to degrade with the number of hops. Our objective function (7) is to minimize the overall system cost while distributing the network traffic evenly to avoid a wireless bottleneck:
Lp-solve [29] is used to find the solution of the ILP model. Fig. 6 illustrates the result based on a small network with 25 nodes, where a star symbolizes a gateway candidate whereas a circle symbolizes an AP. The ILP model is simulated under two different scenarios with R max equal to 10 and 4, respectively. More simulation results will be presented in Section IV.
C. OPEN/CLOSE Heuristic
The computing complexity of the ILP model increases with the number of variables. This limits its efficiency to deliver a solution for large wireless mesh networks where either the results do not converge or it takes very long time to arrive at a solution. Hence, we propose an OPEN/CLOSE heuristic algorithm by following the theoretical work of Martin Pal [20] , [30] .
The proposed heuristic starts with an arbitrary feasible solution and repeatedly decreases the cost by a certain percentage. If no such operation can be found, the current solution is deemed the best approximation. This heuristic arrives at a solution in polynomial time with a given desired approximation factor.
Let P denote the set of all potential gateways, and S denote a set of selected gateways, i.e., the current solution. Clearly, S ⊆ P . Let C h (S), C f (S), and C(S) denote the total hop counts from all AP to their associated gateways, the cost of opening the set of gateways (S), and the total cost of the system, respectively. Thus, we have 
and
Equations (8) and (9) can be combined to yield equation (10) which gives the total cost of the system. This is the primary equation in our OPEN/CLOSE heuristic
Our aim is to minimize the total cost of opening the gateway in 'S' and serve all the APs in the cellular WIFi network. If S * is the optimal solution then for some constant δ any intermediate solution can be written as C(S) ≥ (1 + δ)C(S * ). The ILP model discussed in subsection (III-B) yields the optimal solution C(S * ). Initial Solution : All the potential gateways are arranged in a list in descending order of their bandwidth capacities. Minimum number of gateways are picked from top of the list whose combined bandwidth capacities satisfies the total bandwidth requirement of the network. These gateways are put into S. The first gateway from S is then selected and associated with a set of nearest APs according to the shortest path algorithm, with aggregated traffic load of those APs no more than the capacity of the gateway. This results in formation of a sub-domain. A sub-domain is a cluster formed by a gateway and it's associated APs. All the APs in the sub-domain have a onehop link with at least one of the node in the sub-domain. Each node has its traffic routed to the gateway using the shortest path. While forming the sub domain none of the nodes within the sub domain should carry more than the stipulated maximum transient wireless traffic. After the first gateway in S has exhausted it bandwidth capacity, the next gateway from S is picked. The APs which have not been associated with any gateway i.e., not included in any sub domain already start associating with the second gateway until the bandwidth capacity of second gateway is reached. The above process is repeated until all APs in the network are associated with a gateway from S, arriving at the initial solution with an initial set of gateways 'S o ' and an initial cost 'C(S o )'.
Recursive Updating: Starting with the initial solution, the OPEN/CLOSE heuristic is applied recursively in an effort to achieve better results. There are four basic operations involved in the heuristic, i.e., Open, Close, Cost Calculation, and Cluster Adjustment. As the gateways are sorted in descending order and selected from top of the list, the initial solution includes gateways with high capacity only, which may result in high cost. The basic idea of recursive updating is to close one gateway at a time from S and open a few other gateways not in S but present in P such that the total network bandwidth requirement is achieved, and at the same time, the total cost of the system C(S) is reduced. After each open and close operation the total cost of the system, C(S), is computed according to (10) . If C(S) is reduced by δ%, S and C(S) are kept as the intermediate results. This process repeats until S cannot be updated, arriving at the best approximate solution.
For each "close" operation we "open" some other gateway(s) such that the network capacity is fulfilled. The two operation complement each other. OPEN/CLOSE operations may occasionally yield few isolated nodes which could not be assigned to any open gateway. The operation of Cluster Adjustment is performed to let the residual node join its nearest cluster to which it has one hop connection. If the gateway of the cluster with which it has joined exceeds its capacity, then one of its AP is removed from its cluster. The removed AP joins a cluster which is one hop away and has residual capacity to accommodate it. After each "open", "close" and Cluster Adjustment operation we compute the total cost of the system using Cost Calculation operation in term of all the opened gateways and hop count of the APs associated with the gateway(s) to form individual sub-domain.
In our simulation if the cost of the system is improved by 3% by a particular set of OPEN/CLOSE operations and reallocation of APs then we keep that set of gateways as our intermediate result set 'S' and keep the cost as intermediate cost 'C(S)'. The process is continued for all gateways until the best approximate solution is obtained. The pseudo code for this heuristic is illustrated in Fig. 7 . 
IV. SIMULATION RESULTS
The simulation is performed on a workstation with a Pentium 4 CPU running at 2.26 Ghz with 1 GB of RAM. The ILP model uses lp-solve, which is conventional in terms of memory requirements, and generally scales with the number of variables and the number of non-zeros in the constraint matrix. The computational complexity for linear programs is polynomial. The OPEN/CLOSE model has been implemented in Java. Though OPEN/CLOSE model does not give an optimal result, the result is close to the ILP model and has greater scalability.
In our simulation, we assume that people are uniformly distributed with a population density of 3371 per square mile by using the city of Houston, TX as an example. We assume 25% of people use Wi-Fi devices and subscribe to cellular Wi-Fi service providers. All mobile devices sharing an AP can simultaneously transmit or receive at 20 Kbps, if the load on the AP does not reach its maximum capacity.
The ILP model discussed in Section III-B is solved by using lp-solve, a simplex-based code for linear programming problems. The results obtained from the ILP model are compared with OPEN/CLOSE heuristic and a greedy algorithm for gateway selection. In the greedy algorithm, the gateways are randomly selected from the list of candidates. The selected gateway collects APs around it, starting with one-hop neighbors, until the gateway reaches its maximum capacity. The process of randomly selecting a gateway and associating APs to it continues until all of the APs in the network are associated with a gateway. Fig. 8(a) shows the simulation results with the number of nodes ranging from 30 to 100. It is assumed that 10% of the nodes in the network are gateway candidates. The capacities of gateways vary from 1.544 Mbps (T1 line) to 51.85 Mbps (OC1 line). As one can see, both the the ILP model and the OPEN/CLOSE heuristic result in a lower overall cost, compared to the greedy approach. The more nodes deployed in the network, the higher the performance gain. As is reflected in the figure, the OPEN/CLOSE heuristic gives results very close to the op- timal solution obtained from the ILP model. In addition, both the ILP model and the OPEN/CLOSE heuristic always yield good clusters whereas bad clusters (explained in section II) may result from the greedy approach. In the ILP model, the constraints lead to optimal selection whereas in the OPEN/CLOSE (dashed line) algorithm, the heuristic yields a good solution. The cost improvement is 31.60% with the ILP model and 25.36% with the OPEN/CLOSE algorithm over the greedy approach (dashdot line). The slope of ILP model and OPEN/CLOSE heuristic are almost equal. Fig. 8(b) presents the simulation results with a varying percentage of gateway candidate nodes. During this simulation, the total number of nodes is 60 and each user generates data traffic at a rate of 25 Kbps. The percentage of gateways varies from 5% to 15%. Once again, it is observed that both the ILP model and the OPEN/CLOSE heuristic significantly outperform the greedy approach. When 15% of the nodes are gateway candidates, the greedy approach cost is 50% higher than the ILP model and 43% higher then the OPEN/CLOSE heuristic. When the number of gateway candidates is increased from 5% to 15% in the ILP model there is a slight decrease in cost after which it becomes a constant. This is because more potential gateway nodes translates into more choices for the ILP model. Hence, it is observed that cost is decreasing. When optimum gateways have been selected, the cost becomes constant. In the OPEN/CLOSE heuristic, the cost is constant throughout as it selects the same gateways in each simulation run. The high cost in the greedy approach occurs as it randomly select gateways one at a time and associates APs. A large number of low-capacity gateways may be opened although the total system capacity could be satisfied by few high capacity gateways, thus increasing the total network cost.
In Fig. 8(c) , the bandwidth usage by each user is varied from 20 Kbps to 35 Kbps. The total number of nodes is 50 and 10% of the nodes are candidates for gateways. As we can see, the ILP model and the OPEN/CLOSE heuristic outperform the greedy approach by up to 25% and 19% over the greedy approach, respectively. We also observe that although the increase of user bandwidth usage results in higher cost in all three approaches, it has the least impact on the ILP model. Comparative analysis of all three approaches reflects that the increase in cost as the bandwidth/user is increased is the least in the ILP model.
In summary, the simulation results show that the ILP model and the OPEN/CLOSE model always perform better than the greedy approach. Though the ILP model gives the best result, its effectiveness is limited by time and memory complexity. An increase in the number of nodes or gateways in the network (both of which leads to a substantial increase in the number of variables and constraints) may cause the ILP model to take longer time to finish or not to converge. On the other hand, the OPEN/CLOSE heuristic has better convergence for greater numbers of nodes.
V. CONCLUSION
This paper has analyzed the problem and solution of optimum gateway selection in a cellular Wi-Fi network. The proposed integer linear programming (ILP) model and the OPEN/CLOSE heuristic consider not only the diverse capacities of the gateways and the access points, but also economic aspects associated with their installation. They also guarantee minimum hop distance (shortest path) to the gateway from all APs. When multiple backbone interfaces are available at variable costs, the proposed approaches select a single interface which minimizes the network cost. Our simulation results show that the proposed approaches can effectively identify a set of gateways at optimal locations in a cellular Wi-Fi network, resulting in significantly reduced cost for system establishment.
